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Abstract—Well-graphitized carbon nanotubes (CN'Ts) were grown by using monodisperse spherical mesoporous silica
encapsulating single iron oxide (Fe,O,) nanoparticles (MSEINPs) as catalytic templates by chemical vapor deposition
(CVD) and using acetylene as carbon source. The catalytic templates were synthesized by a sol-gel method. The MSEINPs
exhibited better activity and selectivity in CNT synthesis than bare Fe;O, catalysts. The synthesized multiwall carbon
nanotubes (MWCNTs) were analyzed by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), field
emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and Raman spectroscopy.
The carbon deposits are rich in MWCNTS, as confirmed by FESEM and TGA. The wall thickness of the MWCNTs is
controlled primarily by the size of the spherical mesoporous silica layer encapsulating the Fe;O, NPs, while the inner
diameter of the CNTs is determined by the size of the Fe;O, NPs at the center of the MSEINPs. The average diameter of
the MWCNTS increased significantly with increases in the growth temperature and acetylene flow rate. The analytical
results show that the CNTs prepared on MSEINPs are well graphitized with a narrow size distribution in thickness, and
straight and longer tubes are obtained without major defects as compared to the CN'Ts grown on bare Fe;O, NPs.
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INTRODUCTION

Lijima’s landmark paper on a new type of quasi one-dimensional
carbon named “carbon nanotubes (CN'T5)” attracted a great deal of
attention in a wide range of research fields because of the superior
mechanical strength, electrical properties, large surface area for hy-
drogen adsorption, and high aspect ratio of CNTs [1-12]. Three
common methods for the synthesis of CNT are arc discharge [13],
laser evaporation [14], and chemical vapor deposition (CVD) [15].
The first two methods employ solid state carbon precursors which
are evaporated at high temperature. CVD utilizes hydrocarbon gases
as a carbon source with metal nanoparticles as catalytic seeds for
the growth of CN'Ts. CVD methods have enabled us to achieve high
yield, selective growth, and vertical alignment during the growth
of CNTs. In particular, the catalytic production of CNT5 results in
a high purity that cannot be achieved by other methods, so that
CNTs grown by this method are suitable for many applications, espe-
cially in electronics and thermomechanics [16]. Among the variables
determining the quality of the final product, the development of an
efficient catalyst system underlies the success of CVD processes for
synthesizing high quality CNTs. Catalysts such as iron, cobalt, or
nickel are often used on supporting materials, which have been
found to be a critical factor governing the overall synthesis method.

Mesoporous materials (Mobil Composition of Matter (MCM),
Santa Barbara Amorphous (SBA), KIT and others) are promising
as catalysts for fine chemical synthesis and as catalyst supports for
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the production of nanostructured materials because of their large
pore volume, high surface area, and narrow pore size distribution.
Furthermore, relatively larger pore diameters ranging from 2 to
tens of nanometers facilitate molecular diffusion throughout their
channels. This makes mesoporous materials one of the best plat-
forms for supporting nano-sized catalysts for growing CN'Ts and
related carbon nanostructures using CVD processes [17-19]. How-
ever, several drawbacks are unavoidable in this catalyst system: (i)
it is hard to control the thickness of CN'Ts when the catalyst is loaded
into mesoporous channels, (ii) catalyst nanoparticles in mesoporous
silica could experience agglomeration at the high temperature condi-
tions of a CVD process, and (iii) it is not a cost-effective process as
most of the catalyst nanoparticles deep inside the mesoporous mate-
rials can barely participate in CNT growth.

In the present work, we present monodisperse spherical meso-
porous silica encapsulating iron oxide nanoparticles (MSEINPs) as
a catalytic system to produce CN'T in a highly controllable manner
as shown in Fig. 1. Separately prepared Fe;O, nanoparticles (NPs)
are embedded inside pores of spherical mesoporous silica particles.
We study the effect of the growth temperature, growth time, and
acetylene flow rate on CNT morphology, investigating the degree
of graphitization of CNT that are controlled by MSEINPs. Control
experiments using bare Fe;O, NPs as a catalyst were carried out to
elucidate the effect of the spherical mesoporous silica supports.

EXPERIMENTAL METHODS
1. Materials

The catalytic templates were synthesized using cetyltrimethylam-
monjum bromide (CTAB, >98%, Aldrich), tetraethylorthosilicate
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Fig. 1. Schematic diagram for MWCNTTs growth by using MSEINPs and bare Fe;O, NPs. Mesoporous silica shell of MSEINPs provides acety-

lene diffusion path with protecting Fe,O, NPs surface.

(TEOS, 98%, Aldrich), ethyl acetate (99.5%, Dukson), chloroform
(99%, Dukson), sodium hydroxide (NaOH, Min. 93%, Dukson),
iron(II) chloride (FeCl,, 98%, Aldrich), oleic acid (OA, 90%, Aldrich),
and 1-octadecene (90%, Aldrich). The CNTs were synthesized using
acetylene (99.5%), argon (99.9%), and hydrogen (99.9%) as a carbon
source, carrier gas, and reducing agent, respectively. Hydrofluoric
acid (Min. 50%) and hydrochloric acid (35-37%) were purchased
from Dukson and were used for purification of the synthesized
CNTs. All the chemicals were used without further purification.
Deionized (DI) water was used throughout this study:.
2. Synthesis of Catalytic Templates

The Fe;O, NPs capped with oleic acid were synthesized via heat-
up process using iron-oleate complex based on the previous report
[20]. The MSEINPs were synthesized according to a procedure
described in a previous report [21]. Typically, 1.0 mL of Fe;O, NPs
solution (1.375 mg Fe;O,/mL) was added to 10 mL of a 0.055 M
CTAB solution and stirred vigorously for 30 min. Then, the mix-
ture was heated up to 60 °C and maintained at that temperature for
10 min under stirring to evaporate the chloroform. The resulting
solution was mixed with 45 mL of water and 0.3 mL of a 2 M NaOH
solution and the mixture was heated up to 70 °C under stirring.
Then, 0.5 mL of TEOS and 3 mL of ethyl acetate were added to the
reaction mixture in sequence to initiate silica sol-gel reaction. After
3 h, the reaction mixture was centrifuged and washed three times
with ethanol. CTAB was extracted from the mesoporous silica
nanoparticles by stirring in an acidic ethanolic solution for 3h at
60 °C. The resulting MSEINPs were washed three times with etha-
nol and dried at 110 °C. The thickness of mesoporous silica shell
was controlled by varying concentrations of TEOS and ethyl ace-
tate. The average estimated sizes of the MSEINPs were 30, 60, 120,
and 230 nm; these samples are referred to as, MSEINP-30, MSEINP-
60, MSEINP-120, and MSEINP-230 with respect to the size of the
mesoporous silica spheres.
3. Synthesis and Purification of CNTs

The CVD reaction for the synthesis of CNTs was carried out
using the MSEINPs and bare Fe;O, NPs as a catalytic template. A
simple CVD setup containing a horizontal tubular furnace and gas
flow control units are described in Fig. S1. In a typical growth experi-
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ment, ~10 mg of each catalytic template was placed in a quartz boat
inside a quartz tube. The catalytic template was purged with argon
gas at a flow rate of 500 sccm (standard cubic centimeters per min-
ute) for 60 min, followed by hydrogen gas flow at a rate of 200
sccm for 30 min. The reaction was carried out at the desired tem-
perature for 30 min using a mixture of acetylene as a carbon source
and argon as a carrier gas at flow rates of 10 and 500 sccm, respec-
tively. The catalytic templates (MSEINP-30, MSEINP-60, MSEINP-
120, MSEINP-230, and bare Fe;O, NPs), reaction temperatures
(700, 750, 800, 850, 900, and 950 °C) and flow rates of acetylene
(5, 10, 15, 20, 30, and 50 sccm) were varied to control the CNTS
morphology. The furnace was then cooled to room temperature
under an argon atmosphere, and the final product was collected
after the completion of the reaction. The obtained samples were
treated with hydrofluoric acid and then hydrochloric acid to re-
move the silica and catalyst nanoparticles. In a typical procedure,
the obtained crude CNTs were mixed with hydrofluoric acid and
sonicated for 20 min. The sonicated mixture was stirred for 4 h at
ambient temperature. The final mixture was filtered and then washed
with DI water repeatedly until the pH level of the resulting solu-
tion reached ~7.0. This purification step was repeated with hydro-
chloric acid. The filtered solid black material was dried at 100 °C
for 5h in an oven. Finally, the sample was calcined at 400 °C for 2h
in a muffle furnace to remove any amorphous carbon on the CNIs.
4. Characterization Methods

N, adsorption/desorption isotherms were obtained at 77K on a
Micromeritics ASAP 2020 apparatus. Before analysis, the sample was
degassed at 120 °C for about 6 h. Powder X-ray diffraction (PXRD)
patterns were obtained on a Rigaku D/MAX-2500 diffractometer
using the Cu-Ka line (1=1.54 A) as the radiation source, equipped
with a liquid nitrogen cooled germanium based solid-state device
as the detector. The diffraction intensities were measured over the
20 range of 5-80° with a step interval of 0.02° and an integration
time of 5s at each step. Thermogravimetric analysis/differential ther-
mal analysis (TGA/DTA) was performed with a TA Instruments
SDT Q600 setup. Each sample was heated from 25 to 1,000 °C at a
heating rate of 10 °C/min under an air atmosphere. Scanning elec-
tron microscopy (SEM) was performed on a Hitachi S-4800 with
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Fig. 2. TEM images of Fe;O, NPs at different magnifications. Insets of (b) show high magnification TEM image of single Fe;O, NP (top) and
fast Fourier transform (FFT) image from the corresponding TEM image (bottom), which indicate the highly crystalline nature of the

Fe;O, NPs.

an acceleration voltage of 4KkV by placing the CNTs on conductive
carbon tape. The transmission electron microscope (TEM) images
with selected area electron diffraction (SAED) patterns were ob-
tained using a TITAN G2 ChemiSTEM with Probe Cs corrector
operated at 200 kV. Samples for TEM analysis were prepared by
placing droplets of a suspension of the CNT5 in ethanol on a carbon-
coated Cu grid. Raman spectra were recorded with an Almega
X/Thermo Raman spectrometer using a laser excitation line at
532nm.

RESULTS AND DISCUSSION

1. Characterization of bare Fe;O, NPs and MSEINPs
1-1. Structural Analysis of Fe;O, NPs

The morphology of the Fe;O, NPs was investigated by TEM anal-
ysis. Fig. 2 shows the spherical morphology of the Fe;O, NPs with
a narrow size distribution. The average diameter of the nanoparti-
cles is 9.2 nm. The insets represent a high-magnification TEM image
and fast Fourier transform (FFT) image of the Fe;O, NPs, which
confirm their highly crystalline nature, which was also revealed by
XRD analysis. The PXRD pattern of Fe;O, NPs shown in Fig. S2
exhibits a cubic crystal system, well-matched to that of bulk Fe;O,
(JCPDS No. 88-0315). The intense XRD peaks indicate that the syn-
thesized nanoparticles are highly crystalline in accordance with the
TEM analysis and no peaks from impurities are observed [22,23].
The relatively broad peak widths for all diffraction planes result from
the finite particle size. The average crystallite size was calculated from
the XRD pattern according to the linewidth of the (311) plane dif-
fraction peak using the Debye-Scherrer equation (Eq. (1)):
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where D is the average crystallite size, K is a dimensionless shape
factor (0.9), A is the wavelength of the incident X-rays (1=1.54 A),
L is the full width at half maximum (FWHM) of the diffraction
peak, and @is the peak position. The average crystallite size of the
Fe;O, NPs along the (311) plane is estimated to be 9.1 nm which
is in good agreement with the mean particle size calculated from
the TEM image. This implies that most of the particles are predomi-
nantly single crystalline in nature.

Fig. 3. TEM images of (a) MSEINP-30, (b) MSEINP-60, (c) MSEINP-
120, and (d) MSEINP-230. All the samples have identical
Fe;O, cores.

1-2. Structure of MSEINPs

Fig. 3 shows TEM images of the MSEINPs which clearly show
that the sample possesses a porous structure with a Fe;O, NPs
embedded at the center of the mesoporous silica. The pores of the
silica are evenly developed in all directions from the centered Fe;O,
NPs. The average sizes of the MSEINPs estimated from the TEM
images in Fig. 3 are 30, 60, 120, and 230 nm, respectively, whereas
the average size of the embedded Fe;O, NPs is 9.2 nm. Interestingly;
the mesoporous channels have a wormhole-like disordered struc-
ture. It is well known that such disordered channels are intercon-
nected with each other, leading to fast diffusion of molecules inside
the adsorbent. This can be a great advantage in the CVD process,
where gaseous carbon sources can easily access the Fe;O, catalyst
core, promoting CNT growth from the catalyst surface [18,24].
1-3. N, Adsorption/Desorption Studies of MSEINPs

The N, adsorption/desorption isotherm of MSEINP-60 is shown

Korean J. Chem. Eng.(Vol. 36, No. 1)



160 R. Atchudan et al.

in Fig. S3. The synthesized material exhibited a characteristic type-
IV isotherm with a sharp increase in N, adsorption at relative pres-
sures ranging from 0.3 to 0.4, resulting from well-defined meso-
porous channels [25,26]. Barrett-Joyner-Halenda (BJH) calculation
shows a narrow size distribution with an average pore diameter of
29 nm for MSEINP-60. The Brunauer-Emmett-Teller (BET) spe-
cific surface area and pore volume are 770 m*/g and 1.2 cm’/g, respec-
tively. Large adsorption above a relative pressure of 0.9 comes from
N, condensation in secondary pores formed between mesoporous
silica particles, as in hexagonal mesoporous silica (HMS) [27].
1-4. Thermogravimetric Analysis of MSEINPs

The thermal stability of MSEINP-60 was examined by TGA/
DTA (Fig. $4). Three distinguished weight loss peaks can be ob-
served in the thermogram. The first weight loss observed from 50
to 100 °C is assigned to the removal of surface-absorbed water in
the porous host material. The second weight loss began at ~270 °C
and ended at ~400 °C due to the decomposition or desorption of
oleic acid capping the Fe;O, NP surface. This is followed by the
third weight loss between 400 and 550 °C, which is ascribed to water
loss from the condensation reaction between adjacent silanol (Si-
OH) groups to form siloxane bonds [28,29]. Gradual weight loss
further proceeds without major decomposition occurring up to
1,050 °C, showing the high thermal stability of our samples. This
high thermal stability of the catalyst inside the mesoporous nano-
particles keeps the catalyst Fe;O, NPs from being agglomerated at
elevated temperatures during the CVD process.
2. Characterization of Multiwall Carbon Nanotubes (MWCNT)
2-1. Morphology of MWCNTs

Figs. 4(a)-(e) displays FESEM images with different magnifica-
tions of the as-synthesized MWCNTs grown over MSEINPs with
the different sizes and Fe;O, NPs under the same CVD conditions.
Interestingly, the outer diameter of the CNTs gradually decreases
with increasing size of the mesoporous silica sphere. A detailed study
of the dependence of their thickness on mesoporous silica size will
be provided in the TEM analysis section. These images also clearly
illustrate the formation of a large amount of carbon nanotubes over
the MSEINP-30 and MSEINP-60 catalysts without any major car-
bonaceous impurities such as an amorphous or microcrystalline

MSEINP-30

MSEINP-60

o

MSEINP-120

carbon layer. On the other hand, the CN'Ts grown on the bare Fe;O,
NPs exhibit highly coiled or bent morphologies and it is hard to
define their thickness, as shown in Fig. 4(e). In addition, a consid-
erable amount of impurities can be observed. Figs. 4(f)-(j) show
FESEM images with different magnifications of MWCNTS obtained
from the various MSEINPs and bare Fe;O, NPs after purification.
After purification, the majority of the impurities, including the cat-
alytic template of mesoporous silica and iron NPs, were eliminated
from the CN'Ts which can be clearly seen in the FESEM images.
The tubular structure of the CN'Ts remained intact even after acid
treatment and the oxidation procedure at temperatures as high as
400 °C. Thus, this confirms that the produced carbon nanotubes are
highly graphitic in nature. The thickness distribution of the CN'Ts
becomes narrow as the size of the MSEINPs increases, as shown
in Figs. 4(f)-().

The growth temperature and flow rate of carbon precursor
strongly influence the diameter and morphology of the nanotubes.
For this study, we have chosen MSEINP-60 to study the influence
of these parameters, as it has the highest production yield and a
relatively narrow size distribution. Fig. 5(a) shows SEM images of
as-grown MWCNTs on MSEINP-60 with varying growth tempera-
tures from 700 to 950 °C while other conditions were kept con-
stant. The average diameter of the MWCNTTs increased from 30 to
120 nm with increasing growth temperature. The surfaces of the
CNTs significantly deteriorated as the growth temperature was in-
creased from 700 to 950 °C (Fig. S5(a)). We assume that the rate of
acetylene decomposition increases as the growth temperature is
increased, resulting in rough, irregular surfaces of the CN'Ts. This
might also be responsible for the increase in the diameter of CN'Ts.
The morphology of CNT is not much affected by the reaction tem-
perature between 700-850 °C, while an abrupt change in thickness
was seen above 900 °C. Moreover, the yield of MWCNTS tends to
first increase and then decrease with increasing growth temperature.
At lower temperatures (below 750 °C), the inadequate acetylene
decomposition results in lower CNT vyield [30]. At higher tempera-
tures above 900 °C, the formation of MWCNTSs decreases while the
formation of CNTs with defective surfaces increases due to the self-
pyrolysis of MWCNTI.

MSEINP-230 Bare Fe;0, NPs

Increasing the size of mesoporous silica sphere

Fig. 4. SEM images of the as-grown and purified MWCNTs over (a) and (f) MSEINP-30; (b) and (g) MSEINP-60; (c) and (h) MSEINP-120;
(d) and (i) MSEINP-230; (e) and (j) bare Fe;O, NPs. CVD conditions were the same for all the samples: growth time was 30 min, flow
rate of acetylene/Ar gas was 10 sccm/500 mL-min~', temperature was set at 800 °C.
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(b) 5 sccm

Increasing the acetylene flow rate

Fig. 5. (a) SEM images of the MWCNTs grown over MSEINP-60 with 10 sccm of acetylene flow for 30 min at different temperatures from
700 to 950 °C. (b) SEM images of the MWCN'Ts grown over MSEINP-60 with a acetylene flow rate from 5 sccm to 50 sccm for 30 min.
Growth temperature was set at 800 °C with an Ar-flow rate of 500 mL/min.

The flow rate of carbon precursor is another crucial factor affect-
ing the growth and surface morphology of CNTs. In order to elu-
cidate this effect, the flow rate of the carbon precursor was altered
from 5 to 50 sccm during CNT growth over MSEINP-60. Fig. 5(b)
shows that the average diameter of the MWCNTs gradually in-
creased with increasing flow of acetylene (C,H,) gas. The image also
shows that the roughness of the surface increased as the gas flow
was increased from 5 to 50 sccm. Individual CN'Ts and the surface
roughness can be clearly observed in the high magnification SEM
images (Fig. S5(b)). The roughness of the nanotube becomes sig-
nificant with higher flow rates because of the increase in the amor-
phous nature of the graphitic layer deposited during the formation
of the MWCNTs. The change in the surface morphology of the

(b) Mesoporous
§ilica Sphere
& “ \

Fig. 6. TEM images of as-grown MWCNTS ((a) and (b)) and puri-
fied MWCNTS ((c) and (d)) at different magnifications grown
on MSEINP-60 with 10 sccm of acetylene flow for 30 min at
800 °C. Inset of (c) represents SAED pattern of MWCNTs
after purification.

CNTs was not significant at flow rates up to 30 sccm, but the sur-
face morphology was significantly affected at flow rates around 50
sccm (the degree of graphitization will be discussed along with the
Raman spectroscopy characterization in section 2.2).

Figs. 6(a) and (b) demonstrate that multi-walled CNTs were
grown from MSEINP-60 placed at the center of MSEINPs. It is
apparent that the inner diameter of the MWCNTS is determined
by the size of the Fe;O, nanoparticles (9.2 nm), not by the size of
the mesoporous silica sphere. The dependence of the inner diame-
ter of the CN'Ts on the Fe;O, NPs inside the silica spheres is con-
sistent throughout all the MSEINP samples (MSEINP-30, MSEINP-
60, MSEINP-120 and MSEINP-230), regardless of silica size. In con-
trast, the outer diameter of the MWCNTTS slightly decreased with
increasing mesoporous silica sphere size, which means the thick-

Amorphous | (b}
7 carbon st

e :
Aggregated Fe;0, NPs

200_nm

Fig. 7. (a) TEM images of as-grown MWCNTS on bare Fe;O, NPs
with 10 sccm of acetylene flow for 30 min at 800 °C. (b)-(d)
HRTEM images of MWCNTS corresponding sample shown
in (a).
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ness of the silica shell controls the outer layer of the MWCN'Ts
during growth. The HRTEM image and SAED pattern presented
in Figs. 6(c) and (d) indicate a high degree of graphitization of
the synthesized CNTs. Interlayer distances (distance between two
graphene layers) estimated from HRTEM images are 0.34 nm for
MWCNTs obtained from MSEINP-30 and MSEINP-60. Fig. 7(a)
shows TEM images of as-grown MWCNTS on the bare Fe,O, NPs.
A considerable amount of carbonaceous impurities are observed,
along with irregularly shaped MWCNTS. In this case, the inner
diameter of the CNT5 is not determined by the catalyst size and a
broad diameter distribution is observed. This could presumably be
due to aggregation between nanoparticles during the MWCNT
growth as shown in Fig. 7(a). The high surface energy due to the
high curvature of the nanoparticle surface would accelerate the
aggregation process. This aggregation process of catalyst particles
necessarily causes a broad diameter distribution in the produced
CNTs when the bare Fe;O, NPs are used as a catalyst. We believe
that our method of employing a mesoporous silica shell around the
catalyst for CNT growth is superior to other catalytic systems in
terms of the monodispersity of the resulting CN'T5, and is promis-
ing for mass production. HRTEM images of MWCNT correspond-
ing to the sample in Fig. 7(a) are shown in Figs. 7(b)-(d). This clearly
shows the broad size distribution of the inner and outer diameters
of the MWCNTs.
2-2. Raman Spectroscopy Analysis

Raman spectra are presented in Fig. 8 for samples of the MWCNTs
obtained from different catalytic templates. MWCNTs usually have
two common bands below 2,000 cm™ in their Raman spectrum
(ie., D-band and G-band) [31]. The D-band is related to the defects
in the graphitic sheets and the G-band to the vibration of the sp’-
hybridized carbon atoms in the graphitic sheets. The disorder-in-
duced D-band occurred at ~1,340 cm™ and the G-band was ob-
served at ~1,580 cm™ for all the samples [32]. The absence of radial
breathing modes (RBMs) was also noted for all the samples when

G-band 2D

,
D-band|*
I.'

(e) 1,/1.= 0.37

(d) 1,/1,=0.6

()1 /1= 057"

(b) 1 /1 = 0.31

Raman Intensity (arb. units)

(a) 1,/1,= 0.32

500 1000 1500 2000 2500 3000
Raman Shift (cm™)
Fig. 8. Raman spectra of the MWCNTs grown over (a) MSEINP-
30, (b) MSEINP-60, (c) MSEINP-120, (d) MSEINP-230, and

(e) bare Fe;O, NPs with 10/500 sccm of acetylene/Ar flow for
30 min at 800 °C.
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scans were performed below 500 cm™". The absence of RBMs con-
firms that the obtained nanotubes are exclusively MWCN'TS and not
SWCNTS. The intensities of the D-band and G-band are denoted
as I, and I, respectively. The I/I; ratio is used as a measure of the
degree of graphitization [33,34]. A lower intensity ratio of D to G
band (Ip<Ig) indicates a higher degree of graphitization of the
obtained CNTs [35-37]. I,,/I; values of 0.32, 0.31, 0.57, 0.68 and
0.37 were obtained for MWCNTs synthesized from MSEINP-30,
MSEINP-60, MSEINP-120, MSEINP-230, and bare Fe;O,, respec-
tively. Increases in the I/I;; values with increasing size of the mes-
oporous silica spheres from MSEINP-30 to MSEINP-230 can be
clearly seen in the Raman spectra.

To examine the effects of growth temperature and gas flow rate
on the degree of graphitization, Raman spectra were collected for
samples synthesized under different conditions. When the growth
temperature was set at 700, 750, 800, 850, 900, and 950 °C, the I,/
I; values were estimated to be 0.52, 0.41, 0.31, 0.45, 0.80, and 0.86,
respectively (Fig. S6). Acetylene flow rate has a similar effect on the
I/1;; ratio. I/I; values of around 0.32, 0.31, 0.31, 0.39, 0.45 and
0.73 were observed for acetylene flow rates of 5, 10, 15, 20, 30 and
50 sccm, respectively (Fig. S7). A synthesis temperature ranging from
750 to 850 °C and a flow rate of acetylene between 5 and 15 sccm
have no appreciable effect on the graphitization. This is in good
agreement with the SEM analysis in Figs. 5 and S5. It is obvious
that the CNT surface begins to be rough above a growth tempera-
ture of 900 °C. Likewise, flow rates higher than 20 sccm create a sub-
stantial amount of defects on the graphitic surfaces of CNTs. As
mentioned above, an I,/I; value of less than 1 indicates a high gra-
phitic degree of carbon. Among all the catalytic templates examined
in this study (MSEINP-30, MSEINP-60, MSEINP-120, MSEINP-
230, and INP), carbon nanotubes produced from the MSEINP-60
showed the highest degree of graphitization (I/15=0.31), achieving
a reasonable yield. The disorder-induced defect formation is related
to the creation of carbonaceous impurities such as amorphous and
microcrystalline carbon. These impurities could interfere with the
formation of graphene layers during CNT growth. An elevated tem-
perature or a high acetylene flow rate provides a configuration where
a lot of impurities are produced, leading to defect formation in the
MWCNTS [38,39].

2-3. Thermogravimetric Analysis

TGA/DTA studies of as-grown MWCNT over the various sizes of
MSEINPs and bare Fe;O, NPs were carried out from 20 to 1,000°C
in air atmosphere and the results are shown in Fig. 9(a). The weight
loss observed from 550 to 700 °C corresponds to the thermal de-
composition of MWCNTs. There was no weight loss above 700 °C
and the residual mass is ascribed to MSEINPs containing silica and
Fe;O, NPs. There is no characteristic weight loss of amorphous car-
bon observed for MWCNTs obtained over the MSEINPs. There-
fore, TGA confirms the high purity of the MWCNT (~100%) and
the lack of carbonaceous impurities such as amorphous carbon,
microc ine carbon, or CN'Ts with structural defects on the cata-
lytic templates.

The highest thermal decomposition temperature of as-grown
MWCNTs on the MSEINPs slightly decreased with increases in the
size of the MSEINPs, which is clearly seen in the DTA curves (Fig.
9(a)). This could presumably be due to the low degree of graphiti-
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Fig. 9. TGA/DTA curves of (a) the as-grown MWCNTS over different
MSEINPs and bare Fe;O, NPs and (b) the purified MWCNTs
(before and after calcination) grown over MSEINP-60 with
10 sccm of acetylene flow for 30 min at 800 °C.

zation of MWCNTS produced from larger MSEINP catalysts. As
mentioned above, the outer diameter of the MWCNTs decreased
with increasing MSEINP size while the average inner diameters of
the MWCNTTs are similar for all samples obtained from different
sizes of MSEINPs (from MSEINP-30 to MSEINP-230). In general,
the thermal stability of MWCNTTS is enhanced by a larger number
of graphene layers. In this regard, CN'Ts from MSEINPs with thicker
mesoporous silica shells tend to have lower thermal stability. For
example, MSEINP-230 produced MWCNTs with a thinner outer
diameter while the inner diameter was the same as that from
MSEINP-30. The TGA/DTA curves of acid-treated MWCNTS ob-
tained over the MSEINP-60 with 10 sccm of acetylene flow for 30
min at 800 °C, before and after calcination are shown in Fig. 9(b).
After acid treatment, no residue of the MWCNTs was observed
above ~700 °C, which confirms the complete removal of the cata-
lytic templates (MSEINP-60), leaving behind pure MWCNTTs [40].
Before calcination of the as-prepared samples, the carbon material
was completely oxidized to form gaseous CO, and CO by heating
in air. The decomposition temperature between 550 and 700 °C can
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Fig. 10. XRD patterns of (a) the as-grown MWCNTS over various
catalytic templates of MSEINPs, (b) the as-grown MWCNTs
grown over MSEINP-60 synthesized at various temperature,
and (c) the purified MWCNTs obtained over MSEINP-60.
All samples were prepared with 10 sccm of acetyelen flow for
30 min at 800 °C.

=
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be attributed to the oxidation of MWCNTTS. The weight loss be-
tween 350 and 450 °C can be attributed to the combustion of amor-
phous carbon. The as-grown MWCNTs grown over the MSEINP-
60 catalyst showed no weight loss from 350 to 450 °C [41]. After
acid treatment, carbonaceous impurities were present (around 5%)
which can be clearly seen in the thermogram (Fig. 9(b)), implying
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that carbonaceous impurities were formed during the acid treat-
ment. These impurities come from the damage to the side walls
and outer layer of the MWCNTs caused by the HF and HCl treat-
ments used to remove the silica and the Fe;O, NPs encapsulated
by mesoporous silica. The damaged carbon is decomposed between
350 and 450 °C. After calcination, only a single weight loss occurred
between 550 and 700 °C. These results strongly suggest that the calci-
nation process helps to remove the carbonaceous impurities, giv-
ing CNTs with 100% purity.
2-4. XRD Analysis

PXRD patterns of as-grown MWCNTS over the various MSEINPs
and bare Fe;O, NPs with 10 sccm of acetylene flow for 30 min at
800 °C are shown in Fig. 10(a). The strongest diffraction peak at
around 26° was indexed to the (002) plane, while the peaks at ~42
and 44° were indexed to the (100) and (101) planes, respectively.
Weaker peaks were observed at around 54 and 78° corresponding
to the (004) and (110) planes, respectively. This spectrum reveals a
characteristic pattern of a typical graphite structure [42]. The gra-
phitic peaks and the metal Fe NP peaks are labelled in the XRD
patterns. The diffraction peak from the (002) plane is clear for the
MWQCNTs obtained over the MSEINP-30, MSEINP-60, and bare
Fe;O, NPs. In the case of the XRD pattern of the sample from
MSEINP-230, a broad silica peak by short range order is predomi-
nant. This might result from the low degree of graphitization of the
MWCNTS, which is in good agreement with the Raman spectros-
copy analysis. PXRD patterns of the as-grown MWCN'TS over the
MSEINP-60 catalyst with 10 sccm of acetylene flow for 30 min at
various temperatures, are shown in Fig. 10(b). The metal Fe peaks
also gradually increased as the reaction temperature was increased
due to the faster reduction rate of Fe;O, NPs at higher temperatures.
Fig. 10(c) depicts a typical XRD pattern of the purified MWCNTS
which were obtained from the MSEINP-60 catalyst with 10 sccm
of acetylene flow for 30 min at 800°C. All the peaks are well matched
with the hexagonal graphite structure, with the diffraction peaks
of graphite observed at about 42.6, 44.3, 53.8 and 77.6°, associated
with the C(100), C(101), C(004) and C(110) diffractions of CNTs,
respectively [43,44]. The characteristic peaks of impurities (silica
and Fe;O, NPs) disappeared after the purification step, leaving an
XRD pattern of pure MWCNTTS. The interlayer distance between the
(002) planes was calculated to be 0.34 nm for the purified MWCNTS,
which is in accordance with the interlayer distance obtained from
HRTEM images (Fig. 6(d)). This result strongly suggests that the
obtained MWCNTTs are highly pure after thorough purification.
3. CNTs Growth Process Inside MSEINPs

Experiments for the synthesis of CNTs were carried out with
MSEINPs and bare Fe;O, NPs. When Fe;O, NPs are encapsulated
by mesoporous silica, high quality MWCNTS with narrow size distri-
bution are produced, while CN'Ts with a broad size distribution
were obtained using the bare Fe;O, NPs. This study suggests that
the size distribution of CNTS can be finely tuned by using catalyst
particles embedded in mesoporous silica. The mechanism behind
the formation of CNT§ is as follows: acetylene gas produces carbon
radicals at an elevated temperature. The produced carbon radicals
form Fe-C bonds at the active sties of Fe;O, NPs inside the meso-
porous silica. In the meantime, a large flux of carbon radicals into
the centers of the MSEINPs via large pores provides enough mono-
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mers to grow CNTs at the active sites where Fe-C bonds have
formed. This results in the extension of the growing CNTs toward
the outside of the mesoporous silica because of the high catenation
properties of carbon radicals, while the mesoporous silica surround-
ing the catalyst core prevents the Fe;O, NPs in the core from being
agglomerated [45]. The inner diameter of the obtained CNT is
therefore strongly correlated with the size of the Fe;O, NPs within
the mesoporous silica shell. When bare Fe;O, NPs are used as a
catalyst, they would undergo significant agglomeration at high tem-
peratures, and therefore no correlation between inner diameter of
CNTs and the size of the catalyst for CNT growth is observed. The
beneficial effect of the mesoporous silica shell impacts the distri-
bution of outer diameters of the CNTs obtained from MSEINPs,
ranging from 25 to 30 nm. In contrast, CN'Ts obtained from Fe;O,
NPs have diameters in the range from 15 to 45 nm.

CONCLUSION

A new catalyst system has been explored for producing high qual-
ity MWCNTs by using mesoporous silica encapsulating iron oxide
nanoparticles by a CVD method. Single Fe;O, NPs are embedded
at the centers of mesoporous silica spheres which are used as an
excellent catalytic platform: the catalyst NPs are never aggregated
at high temperatures during the CVD process and the thickness of
the produced CNT is controlled by the Fe;O, NPs and mesoporous
silica shell thickness, yielding high quality CN'Ts. The uniform pores
of the MSEINPs make them suitable for preparing CNTs because
the channels leading to the core Fe;O, NPs facilitate the diffusion
of gas-phase carbon precursors. In this regard, thin mesoporous
silica shell should be better in terms of acetylene diftusion into cat-
alyst core rather than micrometer-thick silica shell. In addition,
overcoating the catalyst NPs with silica provides great stability at
high temperatures. The size of the MSEINDPs, the flow rate of the
carbon precursor, and the reaction temperatures were systematically
studied to control the size distribution and quality of the MWCNTI.
MWCNTs were obtained from MSEINPs without any carbona-
ceous impurities. All the analytical results strongly support the con-
clusion that the MWCNTs produced over the MSEINPs are well
graphitized with a narrow size distribution. The preparation of
CNTs with high purity and a narrow size distribution is critical for
many potential applications. The catalyst system for CNT produc-
tion described in this study will be an ideal choice for future CNT
applications.
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Fig. S2. PXRD pattern of Fe;O, NPs with the diffraction pattern of
the cubic crystal system of bulk Fe,O, (JCPDS No. 88-0315)
shown as red-colored bars.
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Fig. S5. (a) SEM images of the MWCNTs grown over MSEINP-60 with 10 sccm of acetylene flow for 30 min at different temperatures from
700 to 950°C. (b) SEM images of the MWCNTs grown over MSEINP-60 with a acetylene flow rate from 5 sccm to 50 sccm for
30 min. Growth temperature was set at 800 °C with an Ar-flow rate of 500 mL/min.
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